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Abstract
The genetic structure of populations at the edge of species distribution is important for species adaptation to environmental
changes. Small populations may experience non-random mating and differentiation due to genetic drift but larger populations,
too, may have low effective size, e.g., due to the within-population structure. We studied spatial population structure of pedun-
culate oak,Quercus robur, at the northern edge of the species’ global distribution, where oak populations are experiencing rapid
climatic and anthropogenic changes. Using 12 microsatellite markers, we analyzed genetic differentiation of seven small to
medium size populations (census sizes 57–305 reproducing trees) and four populations for within-population genetic structures.
Genetic differentiation among seven populations was low (Fst = 0.07). We found a strong spatial genetic structure in each of the
four populations. Spatial autocorrelation was significant in all populations and its intensity (Sp) was higher than those reported in
more southern oak populations. Significant genetic patchiness was revealed by Bayesian structuring and a high amount of
spatially aggregated full and half sibs was detected by sibship reconstruction. Meta-analysis of isoenzyme and SSR data extracted
from the (GD)2 database suggested northwards decreasing trend in the expected heterozygosity and an effective number of
alleles, thus supporting the central-marginal hypothesis in oak populations. We suggest that the fragmented distribution and
location of Finnish pedunculate oak populations at the species’ northern margin facilitate the formation of within-population
genetic structures. Information on the existence of spatial genetic structures can help conservation managers to design gene
conservation activities and to avoid too strong family structures in the sampling of seeds and cuttings for afforestation and tree
improvement purposes.
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Introduction
Genetic variation within populations is crucial for their sur-
vival in the changing environment. Populations of forest trees
harbor generally high levels of genetic diversity due to the life
cycle characteristics leading to large effective population size
(e.g., Hamrick 2004). Marginal populations, on the other
hand, can be small, subject to severe bottlenecks, scattered
amongst suitable microenvironments, and they receive less
gene flow than the central populations. According to the
leading-edge model of colonization, populations from the col-
onization front account for most range expansions whereas
long-distance dispersal events are rare, which explains the
decreased intrapopulation genetic variation and increased in-
terpopulation differentiation observed in northern marginal
areas (Eckert et al. 2008).
In the future, climate change may lead to a situation where
marginal populations of European trees experience intensified
selection, at the southern margin (rear edge), due to higher
temperatures and more severe drought (Hampe and Petit
2005) and at the northern margin (leading edge), due to the
less predictable weather and rapidly rising mean temperatures.
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Thus, during a range shift, marginal populations at the rear
edge and at the leading-edge face diverse challenges and play
different roles in the evolution of populations and species
(Hampe and Petit 2005). Northern marginal populations in
Europe are of special importance, as they will serve as poten-
tial gene pools for expanding populations in areas where the
climate becomes more favorable to the species. However, ge-
netic characteristics and dynamics of leading-edge popula-
tions at local scales are still insufficiently known (Logan
et al. 2019). Understanding the genetic structure of leading-
edge populations at different hierarchical levels (individual-
subpopulation and subpopulation-population levels) can help
to assess conservation priorities and allocation of resources
within peripheral regions.
In addition to reduced genetic variation, marginal populations
may have different spatial genetic structure (SGS) comparedwith
central populations, i.e., non-randomdistribution of alleles within
populations. SGS can be caused bymany factors, e.g., population
density, seed dispersal patterns, colonization and disturbance his-
tory, and spatio-temporal patterns in seed establishment
(Vekemans and Hardy 2004). Limited gene flow (pollen and
seed dispersal) is assumed to increase SGS in marginal and
fragmented populations (e.g., Wang et al. 2011). Spatial genetic
structure within a population promotes non-random mating, and
thus, the population in question is not a panmictic population.
Spatial aggregation of any type of related genotypes can cause
biparental inbreeding, which in turn can lead to a reduced fitness
due to inbreeding depression (Levin 1984; Campbell 1986; Latta
et al. 1998; Stacy 2001). SGS may be expressed as continuous
spatial autocorrelation or discontinuous aggregation of distinct
genetic groups, i.e., genetic patchiness. In the autocorrelation
type, trees growing at a close distance tend to be genotypically
more similar than trees farther away, and the pattern is approxi-
mately the same in the whole population. In the case of genetic
patchiness, nearby trees within a group are also genotypically
similar, but there may be an unpredictable step in the relatedness
at the edge of the patch.
Presently, environmental changes and increased human ac-
tivity have led to forest fragmentation and declining popula-
tion sizes. Trees play a major role in terrestrial ecosystems and
thus the adaptive potential of forest tree populations is highly
important. The goal of genetic conservation is to capture much
genetic variation in the target populations to ensure their adap-
tive capacity. Generally, forest genetic resources in Europe are
conserved in dynamic in situ units, which are natural popula-
tions designated for this purpose (Koskela et al. 2013). As
conservation programs are bounded by the constraints of lim-
ited resources, it is essential to apply the most efficient mea-
sures for genetic conservation. The information on spatial ge-
netic structure can help to maximize diversity in a conserva-
tion sample of fixed size and to avoid making erroneous esti-
mates of population diversity (Epperson 1989). Also, in prac-
tical gene conservation work, such information is important to
define a minimum distance between trees to be used for
collecting seed or cuttings for afforestation and tree improve-
ment purposes or for establishing ex situ collections.
The populations of pedunculate oak (Quercus robur) in
Finland are strongly fragmented and growing at the northern
margin of the species’ European distribution. The distribution
in Finland is presently limited to the southwestern part of the
country (see Fig. 1). The cooling climate after the warm
Atlantic period (4000 years before present) and the increasing
demand for arable land (starting ca. 300 years ago) have led to
the present distribution of small to medium–sized distinct popu-
lations (Alho 1990). The genetic diversity within Finnish pedun-
culate oak populations is slightly lower and among-population
differentiation slightly higher than in more centrally located pop-
ulations (analysis of 13 isozyme loci in 33 Finnish populations of
Q. robur: He = 0.164, and Fst = 0.066, Vakkari et al. 2006,
whereas analysis of 13 isozyme loci in seven populations of
Q. robur from populations covering a much wider geographic
area in the more central part of distribution He = 0.252 and Fst =
0.024; Zanetto et al. 1994).
Climate changewill shift bioclimatic envelopes for forest trees
north-eastwards in Europe, enabling new suitable areas for oak in
Finland (Buras and Menzel 2019). However, the success of col-
onization may depend on the genetic composition of founders—
which originate from present marginal populations (Kremer et al.
2012). In this study, we investigate the genetic structure of pe-
dunculate oak in leading-edge populations and pan-European
trends in the genetic diversity of oak populations. Due to rela-
tively recent (compared with the generation time of oak) frag-
mentation of oak populations, we expect (i) to see rather low
interpopulation genetic differentiation. However, we expect that
(ii) present population fragmentation may have an impact on
intrapopulation distribution of genetic variability, causing strong
spatial genetic structures within populations.
Materials and methods
Study populations
We sampled four distinct and isolated pedunculate oak stands
Hästö, Näse, Torplandet, and Veitakkala in southern Finland
(Fig. 1) for within-population spatial genetic analysis.
Population sizes ranged from about 60 trees of reproductive
age to about 300 trees. All treeswith dbh > 10 cm (likely initiated
flowering) were sampled for spatial genetic analysis. In
Veitakkala, a narrow strip in the south-east corner was not sam-
pled. The population in Hästö island is located on an island
where fertile soil is restricted quite close to the sea level (0.5–
15 m), and due to the land uplift process (for an overview of the
process, see https://www.maanmittauslaitos.fi/en/research/
interesting-topics/land-uplift), the maximum age of the
population is less than 1000 years. The other three populations
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grow on higher ground, 20–45 m above sea level. When a forest
fire during the Second World War destroyed parts of the Hästö
stand, only 40–50 larger trees survived, and the present popula-
tion is the result of a rapid re-growth. Three further populations
were sampled to analyze population differentiation at a larger
spatial scale (locations and other information in Table 1). All
study stands have trees in several size classes and there is no
indication that stands had been recently colonized.
DNA isolation and microsatellite amplification
DNA extraction from leaf samples and PCR conditions are de-
scribed in Pohjanmies et al. (2015). Samples were genotyped for
15 microsatellite loci: ssrQpZAG9, ssrQpZAG15, ssrQpZAG1/
5, ssrQpZAG16, ssrQpZAG36, ssrQpZAG104, ssrQpZAG110,
ssrQrZAG7, ssrQrZAG11, ssrQrZAG87, ssrQrZAG101,
ssrQrZAG108, ssrQrZAG112, MSQ4, and MSQ13 (Dow et al.
1995; Steinkellner et al. 1997; Kampfer et al. 1998). Three loci
(ssrQpZAG16, ssrQpZAG1/5, and MSQ4) were excluded be-
cause the loci had odd and even alleles (resulting in a high fre-
quency of scoring errors) or high frequency of null alleles
(MSQ4) in at least one of the study populations.
Statistical analysis
Three different approaches were applied to analyze the spatial
genetic structure of the populations: spatial autocorrelation
analysis of genotypic relatedness, Bayesian group assignment
Table 1 Studied pedunculate oak populations, geographic coordinates
of location in degrees and minutes (latitude N, longitude E), area in
hectares (area), sample size (n), population census size (N), allelic
richness (Ar, sample size 25), expected (He) and observed (Ho)
heterozygosity, and fixation index (Fis). Statistical significance of Fis is
tested by randomization tests using software Fstat 2.9.4 and marked by
asterisks, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001
Population Latitude Longitude Area (ha) n N Ar He Ho Fis
Näse 60° 3.1′ 23° 47.0′ 7 57 57 6.7 0.73 0.79 − 0.079***
Torplandet 60° 2.3′ 23° 47.2′ 20 95 100 12.2 0.81 0.78 0.034***
Hästö 59° 51.3′ 23° 20.9′ 17 295 305 9.1 0.78 0.78 − 0.005
Veitakkala 60° 25.7′ 23° 10.0′ 4 168 300 10.4 0.78 0.80 − 0.016
Ajo 60° 16.6′ 23° 6.7′ 3 34 34 8.9 0.72 0.77 − 0.066***
Kylämäki 60° 14.4′ 23° 7.9′ 12 30 > 200 8.7 0.74 0.83 − 0.060***
Kaapinmäki 60° 17.2′ 23° 7.5′ 11 30 > 200 10.2 0.78 0.79 − 0.059**
Hästö
Kylämäki
Kaapinmäki
 Veitakkala
Näse
Torplandet
Ajo
10 km
Fig. 1 Study populations of pedunculate oak (Quercus robur) in Southern Finland. Solid circles indicate populations for spatial analysis. Source of the
background map: EUFORGEN 2009, www.euforgen.org
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analysis, and kinship reconstruction analysis. In addition, ge-
netic diversity was investigated within and among
populations.
Genetic variation
Genetic variation was explored estimating standard genetic
parameters allelic richness (AR), observed (Ho), and expected
(He) heterozygosity and inbreeding coefficient (Fis) for each
population. Statistical significance of Fis was determined by
randomization tests (1000 permutations). Genetic differentia-
tion among populations was described by Fst-statistic. All
calculations were performed using software FSTAT ver
2.9.4 (Goudet 2002).
Spatial genetic structure
Autocorrelation analysis Analysis of spatial genetic structure
expressed as spatial autocorrelation was performed using
Spagedi v1.5a (Hardy and Vekemans 2002). The kinship be-
tween individual trees was estimated according to Loiselle
et al. (1995). The distance classes were set at 10-m intervals
up to 200 m, for longer distances class width was set separate-
ly in each population to keep the number of tree pairs per
distance class at approximately constant level. The average
number of pairs per distance class was 50 pairs in Näse, 130
pairs in Torplandet, 1100 pairs in Hästö, and 450 pairs in
Veitakkala.
The intensity of spatial autocorrelation/SGS was measured
by the Sp statistic. Sp is computed as Sp = bF/(F1–1), where
bF is the regression slope of the kinship estimator Fij on geo-
graphical distances (logarithmic scale), and F1 is the average
kinship coefficient between individuals of the first distance
class. The standard error (SE) of Sp is estimated by the stan-
dard error of bF obtained by jackknifing over loci (Hardy et al.
2006; Jump et al. 2012). The statistical significance of F1 and
bF was tested based on 1000 permutations of individual loca-
tions among individuals.
Bayesian grouping Bayesian group assignment analysis was
used as implemented in Structure 2.3.4 (Pritchard et al. 2000;
Falush et al. 2003) in order to detect genetic structures within
and among populations. To analyze the among-population
structure, 30 trees were subsampled from larger populations
(Ajo, Hästö, Näse, Torplandet, Veitakkala; random sampling
without replacement) to achieve even sample sizes while ac-
commodating for the size of two smallest samples
(Kaapinmäki, Kylämäki), as uneven sample sizes may yield
biased results (Puechmaille 2016). The hierarchical within-
population analysis was started with full data for each popu-
lation separately and continuedwith repeated analysis for each
detected cluster separately until no more structure could be
detected. Structure simulations were run for 100,000
repetitions with a burn-in phase of 100,000 repetitions and
30 iterations. The value of K (assumed number of groups)
was set from 2 to 20 in large populations and from 2 to 10
in smaller subsets. Further settings applied were correlated
allele frequency model and the admixture model. Online ser-
vice Structure Harvester (Earl and von Holdt 2012) was ap-
plied to produce deltaK (Evanno et al. 2005) and
meanLnProb–graphs and software CLUMPP (Jakobsson and
Rosenberg 2007) with GREEDY option to calculate average
Q-matrices over iterations for the group assignment of the
samples. Each tree was then assigned to a single group in
which it showed the highest average Q-score following the
standard procedure (Balkenhol et al. 2014). The final level
of hierarchical analysis was judged on the basis of the relative
change in LnProb and the distribution of Q-scores. The group
was considered final, when the graph of Lnprob was level or
decreasing or the distribution of Q-scores did not indicate a
dominant group even for a fraction of the samples.
Spatial aggregation L-functions were estimated for all groups
in the first and the final level of the hierarchical analysis. For r
≥ 0, L(r) is a monotonic function of the cumulative number of
further trees within distance r from a typical tree (Illian et al.
2008, sec. 4.3). If the spatial pattern of trees is completely
random, then the expected value of L(r) is equal to r, and
values greater than r indicate spatial aggregation (clustering)
for at least some distances between 0 and r. Within-group
aggregation was contrasted to the overall aggregation in the
population with the standard Monte Carlo approach (Illian
et al. 2008, sec. 7.4): The original estimates Lg(r) for each
group g were compared with the mean values L∗g(r) of esti-
mates L∗g, t(r), t = 1, …, T, obtained from T = 2500 random
permutations of the group labels between all trees in the pop-
ulation. Values of Lg(r) greater than L
∗
g(r) indicate stronger
aggregation in group g trees than in a random subset of the
same number of trees from the population. Statistical signifi-
cance of the difference between Lg(r) and L
∗
g(r) was assessed
with a one-tailed global rank envelope test (Myllymäki et al.
2017), where only positive values of Lg(r) − L∗g(r) were con-
sidered significant. The estimates of the L-functions were
computed using spatstat (Baddeley et al. 2015) and the global
envelope tests were implemented using package GET
(Myllymäki and Mrkvička 2019), both in the R environment
(R Core Team 2019).
Kinship analysis To analyze pedigree relationships within pop-
ulations, we used the software Colony 2.0 based on the meth-
odology described inWang (2004). Parameter settings applied
were male and female polygamous, inbreeding allowed, and
monoecious diploid species as basic biological descriptors.
The run length was set to medium. In the case of sibship size
prior, we followed the recommendations of the Colony man-
ual (pp. 14–15) of a weak (instead of no) prior and average
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size of 1 for bothmaternal and paternal sibships to reduce false
sibship assignments. The probability of finding the paternal or
maternal parent in the population was set to 0.5 for both sexes,
which we assume to describe the situation in fragmented
Finnish oak populations reasonably well. Smallest sampled
trees (dbh 10–15 cm, just reached reproductive size) were
excluded from the list of candidate parents so that they could
not appear as possible parents of the larger (dbh > 20 cm) and
supposedly older trees. In practice, this did not have any effect
on the analysis outcome.
The Monte Carlo test for assessing whether sib pairs are
located significantly closer to each other than to other trees
was based on random permutations of trees between all ob-
served locations within the population. Random permutations
of trees can also be viewed as random allocations of new
coordinates to each tree from all observed locations in the
population. In such permutations, distances between pairs of
trees are independent of their genetic relationship. The distri-
butions of distances over the permutations only depend on the
distribution of all pairwise distances between the trees in the
population and on the number of full sib, half sib, and unre-
lated pairs.
We also analyzed whether populations showed signs of
having experienced bottleneck events using BOTTLENECK
version 1.2.02 (Piry et al. 1999). The inference was based on
the Wilcoxon sign test after analysis under the single-step
(SMM) and two-phase (TPM) mutation model with 90%
single-step mutations. In addition, mode-shift analysis was
performed.
Results
In each of the four populations analyzed, spatial autocorrela-
tion was significant, the average kinship being significantly
above zero at short distances with a trend towards zero and
negative values in longer distances (Fig. 2). The average kin-
ship of the first distance interval, F1, is quite variable ranging
from 0.045 in Veitakkala to 0.165 in Torplandet. The high F1-
value in Torplandet is followed by a steep decline. Due to the
different population sizes, the number of trees per distance
class varies among populations, and consequently, also the
width of confidence limits varies among populations. The
zigzag pattern of the line of the observed relatedness values
in Näse is regarded as random variation resulting from the
fairly low number of trees per distance class. The intensity
of SGS, Sp, ranges from 0.0193 to 0.0283 (Table 2).
Structure analysis at the first level reveals two groups in
Hästö, Näse, and Veitakkala, and four groups in Torplandet.
The final number of groups after hierarchical analysis was 13
in Hästö, 12 in Veitakkala, eight in Torplandet, and five in
Näse (Fig. 3a–d, Table 2). The assignment of the trees into the
groups was clear with a few exceptions (Q-score bar plots in
Fig. 4a–d). The spatial coverage of the groups is variable;
extremes are found in Torplandet where group 30 (yellow in
Fig. 3b) spreads over the whole stand area, whereas other
groups occupy much smaller areas, e.g., group 42 (dark blue
in Fig. 3b) being limited to a small patch of 25 by 75 m in the
eastern corner of the stand. Groups in the highest hierarchy
level were significantly aggregated in Veitakkala and also in
other stands except in one case level group (Fig. S1, p < 0.05).
The spatial aggregation of the lowest level groups is statisti-
cally significant for 10 groups in Hästö, 7 in Veitakkala, 6 in
Torplandet, and 2 in Näse (Figs. 3 and S2).
The sibship reconstruction analysis yielded sib pairs at high
frequency in Näse (0.252) and at lower frequencies in the
other stands: Hästö 0.04, Torplandet 0.051, and Veitakkala
0.058. In line with the significant spatial autocorrelation, the
sibs are located significantly closer to each other than
unrelated/more distantly related trees (Fig. 5). The recon-
structed sibship structure matches with the Structure group
pattern (Fig. 4); the trees in the full-sib pairs are within the
same Structure group with few exceptions, and also half-sib
pairs cluster within the same group very strongly in some
cases (e.g., Torplandet groups 30 and 42). The pattern of
half-sib pairs gives also a refining view on the group structure
of populations, as two groups identified by Structure may
form one dense cluster of half sibs covering both of them;
examples of this type are groups 11 and 12 in Näse, 231 and
232 in Hästö, and in Veitakkala groups 121 and 122 and also
groups 221 and 222, linked with a few trees from group 213
(Fig. 4). The pedigree status of non-sib pairs included in the
groups remains unresolved and they may be either virtually
unrelated trees or more distant relatives not discernible in the
kinship reconstruction analysis.
Genetic variability within populations was high, allelic
richness (Ar, sample size 25) ranging from 6.7 to 12.2
and with expected heterozygosity (He) from 0.72 to 0.81
(Table 1). Highest estimates for Ar and He were found in
the medium-sized stand of Torplandet, the two lowest He
estimates from the two smallest populations. Heterozygote
deficiency (positive Fis) was found only in Torplandet; oth-
erwise, Fis was negative (in Hästö practically zero), indicat-
ing an excess of heterozygotes in all other populations
(Table 1). At the lowest hierarchical level, heterozygote
deficiency is found in only 2 groups (Hästö group 131
and Torplandet group 30). Highest heterozygote excess es-
timates for groups was found in Näse (Fis = − 0.405 and
Fis = − 0.247 in groups 13 and 12, respectively), in
Veitakkala (Fis = − 0.324 and Fis = − 0.291 in groups
221 and 124, respectively), and in Hästö (Fis = − 0.287 in
group 232) (Table S1 in supplementary data). These groups
are characterized by a high frequency of full sibs with one
exception only, Veitakkala group 124 (Fig. 4).
Genetic differentiation among populations was modest (Fst
= 0.07), pairwise Fst estimates ranging from 0.027
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(Kaapinmäki-Torplandet) to 0.13 (Kylämäki-Näse) without
any indication of isolation by distance structure.
Differentiation among the groups within populations ranged
from Fst = 0.09 to 0.13 (Table 2). Structure analysis of the
seven populations did not reveal geographical patterns in ge-
netic differentiation (Fig. 6 structure analysis, Fig. 1 for
population locations). Nearby eastern populations Näse and
Torplandet did not group together, also in the west, Kylämäki
and Kaapinmäki populations were distinct from each other.
The bottleneck analysis did not reveal any signs for any
recent reduction in population size. Wilcoxon test results were
non-significant for all populations under both mutation
models, SMM and TPM, and the mode-shift analysis also
showed normal L-shaped distributions in all populations.
Discussion
We found strong within-population spatial genetic structure in
the four studied pedunculate oak populations, expressed as spa-
tial autocorrelation and spatially aggregated genetic groups (ge-
netic patchiness), some of the groups including considerable
amounts of full and half sibs. This kind of genetic patchiness is
to our knowledge the only reported case for any oak species.
Hampe et al. (2010), workingwith a FrenchQ. robur population,
report explicitly that they did not find genetic groups
(patchiness); elsewhere, the existence of genetic groups is not
reported. In other tree species, genetic patchiness has been report-
ed only in few cases: e.g., in forest trees have so far been report-
ed; e.g., Paffetti et al. (2012) found clear patchiness in an old-
Fig. 2 Autocorrelograms of kinship coefficient (Loiselle et al. 1995) in
populations of pedunculate oak in Näse (a), Torplandet (b), Hästö (c), and
Veitakkala (d). Observed within-class average of the kinship coefficient
is marked by blue diamonds, lower and upper 95% confidence limits by
red squares and green triangles, respectively. X-axis value is the realized
distance class mean
Table 2 Spatial genetic structure descriptors in the studied four
populations: population census size (N), regression coefficient (b,
kinship coefficient on log distance), average kinship in the first distance
class (F1), intensity of SGS (Sp), standard error of Sp (s.e.), number of
groups within population (NG), differentiation among groups (Fst), and
confidence limits of Fst (CL95)
Population N b F1 Sp ± s.e. NG Fst CL95
Näse 57 − 0.0265 0.0625 0.0283 0.00460 5 0.131 0.111–0.152
Torplandet 100 − 0.0219 0.1622 0.0261 0.00147 8 0.122 0.103–0.139
Hästö 305 − 0.0177 0.0841 0.0193 0.00152 13 0.092 0.075–0.111
Veitakkala 300 − 0.0188 0.0474 0.0198 0.00171 12 0.115 0.102–0.131
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growth population of beech, and Troupin et al. (2006) found
patchiness in aPinus halepensis population. Genetic groups have
been found within Populus trichocarpa (Slavov et al. 2010) and
beech (Piotti et al. 2013) populations but without spatial aggre-
gation. It seems to us that the phenomenon is either quite rare in
forest tree populations or overlooked in spatial genetic studies.
Interestingly, “chaotic genetic patchiness” is a common observa-
tion in the populations of marine organisms with potentially high
dispersal capacity (Selwyn et al. 2016), a case which is to some
degree analogous to trees with potentially high gene dispersal
capacity (due, e.g., to wind-pollination). On the other hand, spa-
tial genetic autocorrelation seems to be common in oak and
beech populations, both wind-pollinated species but with limited
seed dispersal (Hampe et al. 2010; Jump et al. 2012; Lind-Riehl
and Gailing 2015; Streiff et al. 1998; Vornam et al. 2004).
The level of kinship in the genetic groups reveals consid-
erable variation; some groups consist almost exclusively of
full and half sibs (e.g., Näse 11 and 12, Torplandet group
20), whereas in other groups the frequency of sibs is quite
low (e.g., Torplandet group 30). However, the low sib fre-
quency does not mean that the trees in such a group are
completely unrelated, as the kinship reconstruction process
does not recognize more distant relatives than half sibs. In
some cases, Structure software seems to be very sensitive
and splits tight sibling networks into different groups, e.g.,
in Näse (groups 11 and 12) and in Veitakkala (groups 121
and 122). Hence, the assignment of individual trees into dif-
ferent groups is not necessarily an indication of their
unrelatedness. Still further, several trees have their (half) sib
pairs in another group; examples are seen e.g. in Näse popu-
lation, where three trees assigned to groups 13 and 14 have
their main half-sib partners in the group 12. In Veitakkala,
four trees in group 213 have most of their half siblings in
group 221. These cases highlight three topics: First, group
assignment is not a universal fact and, e.g., with a larger (or
smaller) set of loci, assignment in the first grouping could be
Fig. 3 Groups identified by Structure software (Falush et al. 2003) in
Näse (a, 5 groups), Torplandet (b, 8 groups), Veitakkala (c, 12 groups),
and Hästö (d, 13 groups). The groups where trees are aggregated
statistically significantly (p < 0.05) are indicated by an asterisk. The L-
functions of aggregation tests and exact p values for each group are
shown in Supplementary Data (Figs. 1 and 2)
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different, leading to a quite different assignment of some trees
at the lowest hierarchical level. Second, while Bayesian
grouping is sensitive to the sib status of the trees, it is also
sensitive to the more complex pedigree relations. Third and
maybe biologically most important, the groups are connected
to the other groups, being part of an interbreeding population.
a) Näse b) Torplandet 
11
12
13
21
22
11
12
13
14
20
30
41
42
c) Hästö d) Veitakkala
111
121
122
123
124
220
133
132
131
212
211
231
232
111
112
113
121
122
123
124
211
212
213
221
222
Fig. 4 The relationship of Structure 2.3.4 (Pritchard et al. 2000; Falush
et al. 2003) groups and Colony 2.0 (Wang 2004) sibship dyads in four
pedunculate oak populations. In the dyad, plot trees are in the same order
(matching the bar plot) on vertical and horizontal axis. Bar plots show
Structure group assignments after first level analysis (left) and at the
lowest level of hierarchical analysis (right). The bar plot illustrating final
grouping is a composite; black lines denote boundaries of preceding level
groups, second level in Hästö and Veitakkala and first level in Näse and
Torplandet. Half sib pairs detected by Colony are marked by green
squares above the diagonal and full sib pairs by red squares below the
diagonal. Marker size is relative to the probability of the sib pair.
Structure group boundaries are marked with the black lines in the sibship
triangle plot. a Näse, b Torplandet, c Hästö, and d Veitakkala
Fig. 5 Average distance between
full sibs, half sibs, and unrelated
(or more distantly related)
pedunculate oaks (colored bars)
and boxplots of the distributions
of these average distances over
1000 random permutations of
trees between the observed
locations
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These group connections are probably visualized in the vari-
ability within Q-score bars observed even at the lowest hier-
archical level of grouping (Fig. 4).
There is an indication of a more pronounced spatial genetic
structure in the Finnish than in populations in more central part
of distribution. The intensity of spatial autocorrelation SGS, Sp,
ranges from 0.0193 to 0.0283 in our data and is in all popula-
tions higher than reported values for Q. robur: Sp = 0.0034 in
Romania (Curtu et al. 2015) and Sp = 0.005 in France (Hampe
et al. 2010). The number of populations is low and the estimates
could be affected by the fact that different loci are applied in the
different studies, but we suggest that there is an indication of
stronger SGS in Finnish than populations in central areas of the
distribution. Similar differences between core and marginal
populations have been observed also in two North American
tree species: spatial genetic structure was stronger in marginal
than core populations in Sitka spruce (Gapare and Aitken 2005)
and in Eastern white cedar (Pandey and Rajora 2012).
Genetic differentiation among studied Finnish populations
of Q. robur is modest, Fst = 0.076, but higher than reported
values in populations in central part of a distribution, Fst =
0.039 (Neophytou et al. 2010) and Fst = 0.051 (Ballian et al.
2010). A higher differentiation estimate Fst = 0.12 has been
obtained at the southern edge of the distribution (Moracho
et al. 2016). With isoenzyme markers, the difference between
Finnish populations (Fst = 0.066, He = 0.164) and central
populations (Fst = 0.024, He = 0.252) was even more pro-
nounced (Vakkari et al. 2006). Thus, there is an indication of
higher genetic drift in the northern range-edge populations,
possibly a joint effect of lower population sizes and a lower
level of gene flow between populations, leading to increased
effects of genetic drift as compared with populations from the
range center. The decreasing genetic variability in the northern
oak populations can be observed also over a larger geographic
scale assessment. We extracted metadata of pedunculate oak
from the GD2 database (http://gd2.pierroton.inra.fr/) for
estimates of genetic variation (expected heterozygosity,
effective number of alleles) in microsatellite and isoenzyme
markers and plotted those against latitude. There was a
declining trend of variability towards the north (Fig. 7) that
may suggest for long-term effects of small population sizes
and genetic drift in the northern peripheral populations com-
pared with the central populations. This trend and higher Fst
among northern populations are consistent with the central-
marginal hypothesis (e.g., Eckert et al. 2008).
The conditions leading to lower genetic diversity and
higher differentiation in the northern marginal populations
compared with the southern and central populations of
Q. robur may also promote the stronger SGS in the North.
The spatial genetic structure is a consequence of limited gene
flow and limited seed dispersal in most cases of tree species
(e.g., Wang et al. 2011), but restricted pollen flow also has an
effect to the same direction. Geographical fragmentation is
expected to decrease pollen flow among populations, if the
distance between stands is large enough compared with the
range of pollen dispersal. When the amount of incoming pol-
len is limited, non-randommating within a stand may be more
common. Consequently, more pronounced spatial genetic
structure is expected in the fragmented populations than in
the area of continuous distribution. Supporting this hypothe-
sis, a higher level of SGS has been found in fragmented pop-
ulations (Browne and Karubian 2018; De-Lucas et al. 2009).
The critical distance is difficult to judge in wind-pollinated
trees, as the long-distance pollen dispersal, in particular the
tail of leptokurtic dispersal distribution, is difficult to estimate.
Mean within-stand pollen dispersal estimates for sessile and
Fig. 6 Clustering results of
pedunculate oaks from seven
Finnish populations. Results are
shown for K values 3 and 5
applied in the Structure analysis
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pedunculate oak reported by Chybicki and Burczyk (2010)
and Moracho et al. (2016) are below 500 m, but there are
observations of long-distance pollination events up to 10 and
even 80 km (Buschbom et al. 2011, Moracho et al. 2016; for
an overview, see Gerber et al. (2014)). Populations of pedun-
culate oak in our study are relatively isolated, and distance
from the study populations to the nearest other stand ranges
from 1.5 km (between study populations Näse-Torpland and
Ajo-Kaapinmäki) to 14 km. These distances are well above
the within-population pollen dispersal estimates but well be-
low the observed long-distance events. Long-distance pollen
movement in Finland is affected also by the Gulf of Finland,
which increases the isolation from the more continuous oak
distribution in Estonia and further Central Europe to more
than 70 km. Although these distances do not rule out the
long-distance pollination, we feel justified in assuming that
the amount of immigrating pollen is low when compared to
the local pollen cloud. The reduced genetic diversity and in-
creased genetic differentiation among northern populations
(see above) give some support to this assumption. Hence,
we suggest that stronger SGS in our stands than in Central
Europe is at least partly a result of limited pollen flow.
The existence of spatially aggregated genetic groups (ge-
netic patchiness) within a population is a challenge for genetic
conservationmeasures and also an early indicator of detrimen-
tal population fragmentation (Wang et al. 2011). In conserva-
tion units with aggregated structure, the census size gives
much too optimistic estimates of the ability of the populations
to retain genetic variability, and when fragmentation is emerg-
ing, measures are required to prevent the rapid loss of genetic
diversity (Wang et al. 2011). Genetic patches, as in our case,
can include a considerable amount of full and half sibs and,
hence, pollination between nearby trees, which may result in
biparental inbreeding and eventually inbreeding depression.
The spatial genetic structure in local stands has to be consid-
ered when collecting forest reproductive material, for research
or for ex situ conservation. Our results stress that without
explicit knowledge of the structures in a stand, the basic strat-
egy to extend sampling evenly spaced over the whole stand is
the correct one, but does not ensure the unrelatedness of sam-
pled trees. Similarly, when the natural reproduction of a target
species in mixed stands requires opening the forest, the gaps
need to be distributed evenly throughout the stand. In the
analysis of genetic patchiness, the two different approaches,
Bayesian structuring, and sibship reconstruction complement
each other, as structuring does not infer pedigree relatedness
and sibship reconstruction, on the other hand, does not iden-
tify more distant relations than sibs and parent-offspring. The
recognition of genetic patches may be especially important in
the marginal populations. Thus, further studies not only on
spatial genetic structures but also on genetic patchiness are
vital when assessing genetic viability of marginal populations.
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Fig. 7 Latitudinal trends of microsatellite (SSR) and isoenzyme genetic
diversity in pedunculate oak populations based on the data in GD2 data-
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